ABSTRACT | Wind power now represents a major and growing source of renewable energy. Large wind turbines (with capacities of up to 6Ð8 MW) are widely installed in power distribution networks. Increasing numbers of onshore and offshore wind farms, acting as power plants, are connected directly to power transmission networks at the scale of hundreds of megawatts. As its level of grid penetration has begun to increase dramatically, wind power is starting to have a significant impact on the operation of the modern grid system. Advanced power electronics technologies are being introduced to improve the characteristics of the wind turbines, and make them more suitable for integration into the power grid.
I. IN T RODUC T ION
The cumulative installation of wind turbines has grown at a fast pace over the last two decades. Installed wind power generation, which is currently larger than 440 GW, is expected to exceed 760 GW by 2020, making this form of renewable energy a significant component of the modern and future energy supply systems [1] - [3] . Along with the fast-growing capacity, the power electronics technologies used for wind turbine systems (WTSs) have also changed dramatically in the last 30 years [4] - [12] .
In the 1980s, the power electronics in wind turbines was simply a soft-starter, which is used to initially interconnect a squirrel-cage induction generator (SCIG) with the power grid when the wind turbine starts to produce power. Because power electronics did not need to carry power continuously, simple power semiconductor device such as thysistors were applied. In this solution, the rotational speed of the generator is fixed; thus, the wind-speed fluctuations are directly reflected as mechanical-torque fluctuations and then current fluctuations of the generator. Therefore, this solution requires a "stiff" power grid, and its mechanical construction must be able to support the high mechanical stress caused by wind gusts. Moreover, the wind turbine cannot operate at its maximum efficiency in a broad range of wind speeds, and thereby has reduced energy yield.
In the 1990s, power electronics technology was mainly used for rotor resistance control of wound-rotor induction generators (WRIGs), in which more advanced power electronics devices such as diode bridges and choppers were used to control the rotor resistance for the generator. In this solution, the rotational speed of the wind turbine can vary in a limited range, especially at the nominal power operation of the wind turbine (typically 0%-10% above the generator's synchronous speed); thus, the mechanical stress in the system can be relieved.
Since 2000, even more advanced voltage source converters with bidirectional power flow have been introduced; the power electronics started to handle the generated power from the wind turbines continuously, first, by partial scale of power capacity for doubly fed induction generators (DFIGs), and then by the full scale of power capacity for asynchronous or synchronous generators (A/SGs) [5] - [7] . By introducing power electronics converters, it is possible to fully control the rotational speed of the generator and acquire many benefits: First, the wind-speed fluctuations can be smoothly converted into mechanical torque and electrical power with certain inertia by utilizing the kinetic energy in the blades. Moreover, wind turbine efficiency can be optimized over a broader range of wind speeds. Meanwhile, some ancillary services can also be provided for the grid thanks to the extra power control flexibilities introduced by power-electronics converters.
It can be seen that power electronics have become more advanced with growing capacity coverage, and have brought significant performance improvements to wind turbines-not only reducing mechanical stress and increasing energy yield, but also enabling the WTS to act as a controllable generator much more suitable for integration with the power grid.
The scope of this paper is to provide a status overview of the technologies and discuss some technology trends in the power electronics used for wind power applications. First, the technology and market developments of wind power generation are generally reviewed. Next, the power electronics technology for individual wind turbines and for wind farms is addressed. Further, the emerging challenges for the power electronics technology in wind turbines as well as the future solutions are discussed.
II. DE V ELOPMEN T OF W IND POW ER GENER ATION A ND POW ER EL EC T RONICS
Wind power has truly become an important component of the modern energy supply. The cumulative wind power capacity from 2001 to 2020 is shown in Fig. 1 ; the installed capacity of wind power achieved 487 GW, with 54 GW added in 2016 alone. Wind power accounted for 55% of the renewable power capacity globally, not including hydropower, and accounted for 3.7% of global electricity production by the end of 2015 [1] - [3] . Several European countries have achieved relatively high levels of wind power penetration, including Demark (42%), Portugal (23.2%), Ireland (23%), Spain (18%), Germany (13.3%), and the United Kingdom (11%). Other major wind power markets also have a significant amount of wind energy shares in their power generation, including the United States (4.7%), China (3.3%), and Brazil (3%). As an important milestone, on November 3, 2013, Denmark for the first time set a record by having wind power production in excess of power consumption at the national level [11] ; and it now happens regularly.
The individual size and the power rating of wind turbines have also increased dramatically. The emerging sizes of wind turbines between 1980 and 2020 are illustrated in Fig. 2 , where the development of power electronics with its rating coverage and functional role are also indicated. In 2015, the average rating of wind turbines installed in Europe was 2.7 MW for onshore and 4.2 MW for offshore, and now cutting-edge 8-MW wind turbines with a diameter of 164 m are on the market [12] . Today the major wind turbine manufacturers have issued products in the power range of 4-6 MW, and it is expected that more wind turbines above 4 MW will be erected in the next decade (with 10-MW prototypes also available); this trend is mainly driven by the need to reduce the cost of energy per produced kilowatt hour [13] .
With respect to the wind power markets and manufacturers in 2015, China was the largest market with over 30 GW newly added in 2015, together with the United States (8.6 GW) and the European Union (12.8 GW) sharing approximately 82% of the global market [1] . Table 1 summarizes the top suppliers of wind turbines with the size and capacity of their main products in 2015. The companies from China, the United States, and Europe dominated the market shares with wind turbines of 1.5-3.5 MW in the mainstream and 5-8 MW at the high end in terms of power level.
III. POW ER ELEC T RONICS T ECHNOLOGY FOR INDI V IDUA L W IND T U R BINES
The main components employed for energy conversion from wind to electricity in a typical WTS include the rotor with the turbine blades, possibly a gearbox (which is eliminated in direct-drive solutions), an electric generator, a power electronics converter, and a transformer, as illustrated in [14] . Wind turbine designs can be categorized into several concepts depending on the type of generator, speed controllability, and approach by which the aerodynamic power is limited [5] - [7] . In these wind turbine concepts, the power electronics plays quite different roles and has different power coverages of the system, as shown in Fig. 2 . In the last decade, the concept of the DFIG equipped with a partialscale power electronics converter dominated the market, but now the configuration with an SG or AG equipped with a full-scale power electronics converter is gaining popularity because it has full power controllability [1] .
A. Doubly Fed Induction Generator With PartialScale Power Electronics Converter
This concept is the most adopted solution so far and has been erected extensively since 2000, as shown in Fig. 4 , where a DFIG with a multistage gear box is adopted in the system. The stator windings of a DFIG are directly connected to the power grid through a transformer, and the rotor windings are connected to the power grid through a power electronics converter with approximately 30% power capacity of the generator [15] - [17] . In this concept, the frequency and the current in the rotor of the generator are flexibly controlled by the power electronics, and thus the rotational speed of rotor blades can be varied in a satisfactory range to maximize the energy yield and reduce the mechanical stress. The relatively small capacity of the power converter makes this concept attractive from a cost point of view. However, its main drawbacks are the use of slip rings with compromised reliability and insufficient power controllability in the case of grid or generator disturbances [18] - [20] .
Because the power rating requirement for the power electronics converter is relatively small, the two-level voltage source converter (2L-VSC) topology is most adopted in the DIFG-based wind turbine concept. Normally, two 2L-VSCs are configured in a back-to-back solution through a common direct current (dc) link, as shown in Fig. 5 . A technical advantage of this back-to-back solution is full power controllability under four-quadrant operation; this solution also has a relatively simple structure with a small component count, which contributes to well-proven reliability as well as the benefit of low cost.
B. Asynchronous/Synchronous Generator With FullScale Power Converter
Another important concept, which is popular for newly installed wind turbines, is shown in Fig. 6 . The SCIG, dcexcited synchronous generator (DCESG), and permanent magnet synchronous generator (PMSG) have been reported as possible solutions. By introducing a full-scale power electronics converter and transformer to interface the power grid and the stator windings of the generator, the generated power from the wind turbine can be fully regulated.
Compared to the DFIG-based concept, the main advantages can be identified as the elimination of slip rings, simpler or even eliminated gearbox, and extended power and speed controllability, as well as better grid support capability. However, more stressed and expensive power electronics components as well as the higher power losses in the converter stage are the main drawbacks; this is the main reason why this concept is not always used in newly erected onshore wind turbines.
Because the power electronics converter in this concept needs to withstand all of the generated power at multiple megawatts, the 2L-VSC topology shown in Fig. 5 may suffer from high loss at this power level. Moreover, the cabling in the case of low voltage levels below 1 kV with high current is a design challenge. In order to cope with the growing power capacity, multicell converter configurations have been introduced (i.e., connect 2L-VSC cells in parallel or series). Fig. 7 shows the two most adopted multicell converter solutions, which have multiple 2L-VSCs connected in parallel both on the generator side and on the grid side. It is noted that the wire connections on the generator side and dc link could be different. This multicell converter configuration has the advantages of standard and proven low-voltage converter technologies as well as redundant and modular characteristics; therefore, it is the state-of-the-art solution for wind turbine products above 3 MW [21] , [22] .
C. Control of Power Electronics in WTSs
Controlling the power electronics in a state-of-the-art wind turbine involves both electrical and mechanical subsystems, as indicated in Fig. 8 . A general control structure including blades, generator, and converter are illustrated. The applicable wind turbine concepts can be either a full-scale converterbased system with an induction generator (IG) or PMSG, or a partial-scale converter-based system with a DFIG.
The WTS can be controlled under three different layers, and fundamentally, the power flow in and out of the system must be managed. The input mechanical power from the turbine blades should be limited by controlling the mechanical parts such as the blade pitch angle ( θ ). Meanwhile, the electrical power injected to the power grid should be properly regulated according to the standards or commands issued by the distribution/transmission system operator (DSO/TSO). By introducing extra control functions, more advanced WTS features can be achieved, such as maximization of the turbine blade energy yield, ride-through operation under grid faults, and reactive and active power support in both normal and abnormal power grid operations. For example, the current in the generator will typically be managed by controlling the generator-side converter, and thereby the rotational speed of the rotor can be adjusted to achieve maximum power production according to the available wind energy. The basic control functions of the electrical system, like current regulation, dc bus stabilization, and grid synchronization, must be performed rapidly [23] - [27] . In some complicated cases, such as grid fault ride-through, coordinated controls of several subsystems, such as generator-and grid-side converters, braking choppers/crowbars, and pitch angle regulators are important [28] - [31] . Depending on the region, the TSO or DSO could impose extra control requirements on the WTS, such as limiting the rate of change of the output power and increasing the power inertia in order to reduce the impacts to grid and emulate the behaviors of synchronous generators; reserving a certain capacity of active/reactive power in order to facilitate the grid support functions; taking a more active role in grid power quality management, such as damping low-frequency power oscillations or maintaining the local line voltage.
I V. POW ER ELEC T RONICS T ECHNOLOGY FOR MU LTIPLE W IND T U R BINES A ND W IND FA R MS
Currently, most new installations of multimegawatt turbines are part of wind farms, which aggregate the individual contributions into a power station. Traditionally, most wind farms are onshore based, but present plans and ongoing developments exist for large offshore deployments that would benefit from better wind conditions and are located away from land. The capacity of offshore wind farms can be up to 630 MW; for example, the Anholt wind farm of Denmark (commissioned in 2013) is illustrated in Fig. 9 , and is rated at 400 MW and comprises 111 3.6-MW Siemens wind turbines. Other top-rated offshore wind farms include . The majority of these are located along the North Sea of Europe [32] . When considering the power generation at the windfarm scale, on one hand, the high cost of energy requires the power transmission to be highly efficient, and on the other hand, the high power capacity requires the wind farm to be more active and able to provide support to the power grid. The power electronics is again an enabling technology for the wind farms in order to fulfill the growing demands. Some existing and future configurations of the wind farms employing power electronics are shown in Fig. 10 .
A typical wind farm equipped with DFIG-based WTSs is shown in Fig. 10(a) . Such a configuration is in operation in Horns Rev offshore wind farm of Denmark with a capacity of 160 MW (installed in 2002), which is composed of 80 wind turbines from Vestas rated at 2 MW. Because of the limitation of reactive power capability, a reactive power compensator such as a static synchronous compensator (STATCOM) may be needed in this configuration in order to fully satisfy some emerging grid requirements. Similarly, Fig. 10(b) shows a wind farm configuration equipped with wind turbine concept based on a full-scale power converter. Compared to the DFIG-based wind farm, the reactive power capability in Fig. 10(b) is significantly extended, and the grid-side converter in each generation unit can provide the required reactive power locally. This configuration has become the dominant choice in the established offshore wind farms since 2010.
For power transmission of offshore wind farms, highvoltage direct current (HVDC) is an interesting solution because efficiency is improved and no reactive power compensators are needed [33] , [34] . A typical solution for HVDC transmission of wind power is shown in Fig. 10(c) , in which the medium-voltage alternating current (ac) from the wind turbine output is converted to high-voltage dc for transmission through a boost transformer and a high-voltage source rectifier. Half-controlled power semiconductors, such as thysistors, or fully controlled power semiconductors, such as insulated-gate bipolar transistors (IGBTs) connected in series, can be applied for power conversion at high voltage.
To achieve higher wind farm performance, a future configuration with HVDC transmission is shown in Fig. 10(d) , where a solid-state dc transformer [35] is used to convert the low-/medium-voltage dc of the wind turbine outputs to medium-/high-voltage dc for power transmission. As a result, a completely full dc power delivery both in the distribution and transmission grid can be realized. It is claimed in [36] that the overall efficiency of the wind power delivery can be significantly improved compared to the configuration shown in Fig. 10(c) , thanks to the reduction in converters and transformers.
In order to achieve more robust HVDC conversion and reduce the space/weight of the offshore platform, an HVDC concept for an offshore wind farm was recently proposed in [37] and [38] , as shown in Fig. 10(e) . In this configuration, the power control and power quality regulations are mainly performed by the distributed low-voltage wind power converters, and the rectifier is simply composed of diodes and has no control complexity. It is claimed that this solution will save 20% loss and 65% weight compared to the conventional VSC-based HVDC system at a scale of 200 MW. Moreover, the reduced number of components, easily scalable and redundant rectifier connections, and reliable packaging of power semiconductors make this solution attractive for cost-effective HVDC transmission of offshore wind power.
It is noted that the feasibility and advantages/ disadvantages of the wind farm solutions shown in Fig. 10 still must be further evaluated. In addition to the factors of cost, efficiency, and functionality, other practical constrains, such as reliability, environmental impacts, power scalability, and robustness to extreme environments are crucial considerations for the construction of offshore wind farms.
In addition to the requirements for highly efficient power transmission, modern grid codes strictly regulate the behavior of the power delivered from wind turbines. Some of the requirements are difficult to achieve by individual wind turbine units. However, at the wind-farm level, more advanced grid support features can be better achieved by introducing special power electronics converters and controls.
Most grid codes demand the active power of the wind turbines to be flexibly regulated on the basis of grid frequency, as in a conventional synchronous machine-based power plant. However, the available active power of wind turbines should be based on the existing wind speeds, and in some cases it cannot match the power grid demands. Consequently, some energy storage solutions may be needed for wind turbines and wind farms. The storage system can be configured locally for individual wind turbine units, or centrally in the wind farms, as shown in Fig. 11 . The energy storage system could be configured in the form of a battery, supercapacitor, or even combined solutions, where the power electronics are an essential part in these storage systems to manage the power flow. Such wind farms equipped with energy storage will be ready to operate as the primary controller where enough energy is prestored and the wind power plant is approved by the TSO to enable this feature.
Similarly, in order to satisfy the requirements for reactive power support during grid voltage changes, reactive power compensators can be introduced at the wind farm level to reduce the burden and cost of individual wind turbine units. This is especially beneficial for the DFIG-based wind turbine concept, which has limited reactive power capability [39] - [41] . As shown in Fig. 12 , these reactive power compensators, which could be STATCOMs or static VAR compensators (SVCs), can either be configured at the medium-voltage distribution grid, or directly configured at the high-voltage transmission grid with a transformer.
Power electronics and control are essential parts in these reactive-power compensator systems.
V. T ECHNOLOGY CH A LLENGES FOR POW ER ELEC T RONICS IN W TSS
Along with capacity growth, there has been a dramatic evolution in the power electronics technology motivated by the continuous technology challenges in wind power applications. Some of these challenges are discussed in this section.
A. Low Levelized Cost of Energy
Cost is the most important factor that determines the feasibility of energy technologies being widely utilized. The competitive cost advantage is the main reason why wind power has shown significant growth in the last few decades compared to other renewable energy candidates. In order to benchmark the cost for different energy technologies, the index of levelized cost of energy (LCOE) is generally used [42] . LCOE represents the price at which the electricity is generated from an energy source over its lifetime. LCOE includes the major cost factors, such as research and development costs, initial investment, cost of fuel, capital cost, and operating and maintenance costs. LCOE can be defined in a simplified form as
where C Dev represents the annualized initial development cost, C Cap is the annualized capital cost, C O&M is the annualized cost for operation and maintenance, and E Anual is the annualized average energy production. From (1) it is clear that in order to reduce the cost of energy, one approach is to reduce the costs for development, capital, and operation and maintenance, and the other effective way is to extend the total energy production or increase the lifetime of the power generation system. Fig. 13 lists the range and weighted average of LCOE for onshore wind power generation, offshore wind power generation, fossil-fuel-based power generation, as well as utility-scale solar PV power generation in 2014, without financial support [1] , [2] . In 2014, the global weighted average LCOE of wind power generation was approximately 0.06 $/kWh for onshore and 0.165 $/kWh for offshore, thanks to the rapid advancements of technology and reliability. Onshore wind power generation is now actually cost competitive in several regions compared to fossil-fuelbased power generation, which has a weighted LCOE between 0.045 and 0.14 $/kWh globally (excluding health and carbon emission costs). However, there is a significant margin for the price of offshore wind power technology to keep falling (claimed to be as low as 0.1 $/kWh by 2025 [2] ) because it is still in its infancy in terms of deployment. As a benchmark, the weighted average LCOE for utility-scale solar PV power generation, which is between 0.09 and 0.3 $/kWh depending on the region, is also indicated in Fig. 13 .
As more power electronics with higher capacity are introduced to improve the performance of wind power generation, the cost of the power electronics is becoming important in WTSs. There are some cost considerations that impose challenges for the design and the selection of power electronics technologies. For example, the need for highpower and full-scale power conversion will increase the cost of power semiconductors, passive components, and the corresponding cooling systems; more efficient circuits and components are required to reduce the losses and balance the budget. Additionally, the cable connections between the nacelle and the tower base, ranging from dozens to hundreds of meters, demand a higher voltage level in the power conversion stage of power electronics in order to reduce the cable losses and cable weight. On the other hand, because of the limited space in the nacelle or tower of wind turbines, the power converters must be designed at higher power density, which may lead to extra cost for insulation materials and compact structures as the voltage level increases. Furthermore, the remote locations of the wind turbines will increase the cost for installation and maintenance, thereby increasing the demand for high reliability, modularity, and redundant capabilities of the power electronics converters.
B. Complex Mission Profiles
The complicated behavior of wind speed can be grouped into several wind classes defined by three factors: the average annual wind speed, the speed of the extreme wind gust that may occur over 50 years, and how much turbulence exists at the wind site. According to the IEC standard [43] , there are three types of wind-speed variations, called class I (high), class II (medium), and class III (low), defined as annual average speeds of 10, 8.5, and 7.5 m/s, respectively. The distribution of the wind speed under different wind classes is shown in Fig. 14 , where the Weibull function is used to describe the distribution characteristics. A oneyear wind-speed profile is shown in Fig. 15 with 3 -h averages at 80-m hub height, which was collected from the wind farm in Thyborøn, Denmark [44] . The shown wind speed belongs to the IEC wind class I (high) with an average wind speed of 8.5-10 m/s, and significant wind-speed variations can be identified. It should be noted that the locations of wind turbines experiencing different wind classes will result in various operating strategies as well as the selection of the rotor size.
In WTSs, the generator is energized by the power electronics converter to regulate the electromagnetic torque, not only for maximizing the extracted power from the blades, but also for balancing the energy flow in the case of dynamics due to an inertia mismatch between the mechanical and electrical power. As a result, complicated wind-speed behavior will be somehow transferred to the electrical power in the converter, and thus stress the power electronics components. The complex loadings and transients will impose challenges for the selection of converter topologies and devices, as well as the design of the controls and the cooling system. Moreover, as reported in [45] , the fluctuating (80-m height, 3-h averaged) .
operating points may excite some stability issues of the wind farm with frequency oscillation close to the fundamental frequency, and other normal WTSs connected in the wind farm could thereby be disturbed.
There are some other challenges related to the mission profiles (i.e., operating conditions) of wind turbines: Because of the fast-growing power capacity, the voltage level of the power conversion may need to be scaled up to facilitate the power transmission and reduce loss. The output voltage of the WTS is typically set at 30 kV, but is recently seen to be raised above 60 kV; in this case, a bulky transformer is required at the multimegawatt power level. Finally, because of the inertia mismatch between the mechanical power and electrical power, energy storage and balancing mechanisms are important considerations and may result in extra system cost and control complexity.
C. Strict Grid Codes
The fluctuating and unpredictable features of wind energy are not preferred for grid operation. Most countries have issued strict requirements for the behavior of wind turbines, also known as "grid codes" [46] - [49] . Essentially, the grid codes are always attempting to make WTSs act like conventional power plants from the point of view of grid operation, i.e., the WTS should wisely manage the delivered active and reactive power according to demand, and provide frequency and voltage support when they are needed. Some examples of the state-of-the-art grid requirements for WTS are discussed in the following; they are specified either for the individual wind turbine or for the whole wind farm.
Individual wind turbines must be able to control active power at the point of common coupling (PCC) to the grid. Normally, active power must be adjusted according grid frequency, so that grid frequency can somehow be maintained. As an example, the demands of frequency support in the Danish grid codes are shown in Fig. 16(a) , where the active power should be decreased when the frequency rises above 48.7 or 50.15 Hz, depending on the power reservation strategy [47] . Similarly, the reactive power delivered by the WTS must be regulated in a certain range. Fig. 16(b) shows the range of the reactive power reserved by the WTS under different active power outputs [48] . In addition, the TSO normally specifies the delivered reactive power of the WTS according to the grid voltage levels. These demands result in extra reserved capacity and higher cost when practically designing the power converter as well as the wind farm. It is noted that the regulation of reactive power should be performed slowly under a time constant of minutes [47] .
In addition to the demands under normal power grid operation, increasing numbers of TSOs have issued strict grid support requirements for WTSs under grid fault conditions. Fig.  16(c) shows various amplitudes of grid voltage dips against the allowable disturbance time of faults defined for a wind farm. Fig. 16(c) is also known as the low-voltage ride-through (LVRT) requirements. It is becoming an emerging need that the WTS should provide reactive power (up to 100% current capacity of the converter) to contribute to the recovery of grid voltage. Fig. 16(d) defines the required amount of reactive current against the amplitude of grid voltage by the German [48] and Danish grid codes [47] . This demand is relatively difficult to meet by wind farms equipped with DFIG-based wind turbines, and auxiliary power quality units such as STATCOMs may probably be introduced to assist the WTS in meeting this important requirement.
The demanding codes for grid support by WTSs on one hand have increased the cost of energy, but on the other hand have also made wind energy more suitable to be utilized and integrated into the power grid. It is predicted that stricter grid codes in more countries will keep pushing forward the evolution of power electronic technologies. Table 2 compares the grid integration performance of the conventional power plant, WTSs in the past without (or with few) power electronics, and modern WTSs equipped with power electronics converters compliant with grid codes. It can be concluded that by introducing more advanced power electronics, controls, and grid regulations, the start-of-the-art WTS can more or less emulate the behavior of conventional power plants, making wind power technology suitable for integration into the power grid.
D. Growing Reliability Requirements
Because of the fast growth in power capacity, the WTS failures may have adverse impacts on grid stability, and reliability performance is now especially emphasized for the WTS in view of the high costs of repairs as well as the loss of production. Today, it is generally required that the power electronics used for wind turbines should have at least a 20-year lifetime, which is at the same level of requirements for aircraft applications in terms of running hours. However, according to some studies, it was discovered that the reliability performance of wind turbines, including the power electronics parts, still have margin for improvement, especially for larger wind turbines at the multimegawatt scale [50] - [51] . This is because they are complicated systems that comprise a large number of components stressed under tough mission profiles [52] - [55] .
Triggered by the complex mission profiles, the thermal cycles or dynamic temperature variations are one of the main causes of failure for the power electronic components [56] - [58] . The relationship between the characteristics of thermal cycles and the lifetime of power semiconductors has been extensively tested and revealed in the last two decades. Generally, it was found that the lifetime of devices will be shorter under thermal cycles with higher fluctuation amplitudes and mean values. As mentioned previously, the complex mission profiles of the converter in wind power applications will indicate adverse loading conditions on the components from the viewpoint of reliability performance. An example as demonstrated in [44] is shown in Fig. 17 , which converts the wind-speed profile of Fig. 15 into the thermal stress of the power semiconductor devices in a fullscale wind power converter. Many thermal cycles ranging from 15 to 90 K are identified, and they may lead to an unsatisfactory lifetime much less than 20 years by using some lifetime models of the power semiconductor devices [58] .
In addition to the long-term thermal cycles caused by wind-speed variation, there are other types of thermal cycles, which dominate at much smaller time scales and are mainly caused by the alternating of the current and the control behavior of the converter. An example is conducted with a DFIGbased concept and a full-scale converter-based concept for a 2-MW wind turbine. The rotational speed ranges of these two types of wind turbines are quite different, leading to different fundamental frequencies and current in the generator-side converter. The thermal cycling of the power devices within 0.2 s for these two types of wind turbines is shown in Fig. 18 . It can be seen that in the DFIG-based system, the converter could suffer from a higher amplitude of thermal cycles compared to the full-scale power converter-based system; this means worse loading conditions for the device with respect to reliability performance [59] .
In order to map the reliability and establish a more complete thermal behavior of the power devices according to the mission profile of the wind power converter, new modeling and testing approaches must be introduced. A potential method is demonstrated in [44] , similar to lenses with different focal lengths used in photography. The loading analysis and modeling of the wind power converter are separated under several time constants with different modeling techniques or tools.
V I. F U T U R E POW ER ELEC T RONICS T ECHNOLOGY FOR W IND T U R BINES
Most of the installed wind turbines today are based on power conversion at low voltage levels (i.e., below 690 Vrms lineto-line ac). In order to handle the fast-growing capacity of wind turbines and wind farms, new power electronics technologies, which can realize more efficient and reliable power conversion, are expected in the near future to achieve power conversion at higher voltage levels (1-10 kV). The major changes are focused in the converter topology and semiconductor devices.
With the ability to convert higher voltage and power, multilevel converters may become the preferred choice in full-scale power-converter-based WTSs [60] - [63] . The threelevel active/non-active neutral-point diode clamped (3L-NPC/ ANPC) converter is one of the most commercialized multilevel topologies on the market, and it could be utilized in wind power applications, as shown in Fig. 19 . The 3L-NPC/ANPC converter achieves one more voltage level and less dv/dt stress compared to 2L-VSC; thus it is possible to realize medium-voltage power conversion under lower current, smaller filter size, and fewer converters connected in parallel.
An advanced converter configuration that shares a similar idea with the next-generation traction converters, the European UNIFLEX-PM project, as well as the U.S. FREEDM project [64] - [67] , could be another interesting solution for future WTSs. As demonstrated in Fig. 20 , it is based on a solid-state dc transformer composed of multiple dual active bridge (DAB) building blocks with galvanic isolation. The size of the transformer inside the DAB can be limited in both weight and volume thanks to the mediumfrequency excitation. Moreover, the solid-state dc transformer can be directly connected to the medium-voltage dc distribution grid in the future, or the ac distribution grid (10 kV-20 kV) with a medium-voltage dc/ac converter. Moreover, the high controllability of the solid-state dc transformer by the use of power electronics could bring some interesting features such as power routing and grid support for the future "smarter" grid. This configuration would become attractive if it can be placed in the nacelle, where the bulky line-frequency transformer at the multimegawatt scale can be replaced by more compact and flexibly configured power semiconductor devices, bringing a promising enhancement of overall power density, modularity, and redundancy of the converter system.
Similarly, an emerging converter used for HVDC transmission [68] , [69] , called the modular multilevel converter (MMC), could be used in future wind power applications for power distribution or transmission, as shown in Fig. 21 . One advantage of this configuration is the easily scalable capability of voltage and power; therefore, it can achieve a wide range of power conversion at the kilovolts level with high redundancy and modularity. Moreover, the ac filter can be eliminated because of the significantly increased voltage levels [69] . This feature is especially beneficial at high voltage and high power conversion. The MMC is also an ideal solution to interface the MVDC and MVAC grids in the configuration shown in Fig. 20 .
It is worth mentioning that the modular converter configurations shown in Figs. 20 and 21 both have good redundancy and fault-tolerant ability, which contribute to higher reliability performance. On the other hand, these configurations have significantly increased component counts, which would compromise the system reliability and efficiency, and the cost could be increased. Because the technologies for power semiconductor devices are developing rapidly, the overall merits and disadvantages of these modular converters used in wind power applications still must be carefully evaluated.
The power semiconductor devices are also key technologies and major concerns for wind power converters, because they are related to many critical performance measures, such as cost, power density, efficiency, reliability, and modularity. The silicon-based semiconductor technologies seen in wind power applications include module-packaged IGBTs, press-pack packaged IGBTs, and press-pack packaged integrated gate commutated thyristors (IGCTs) [70] - [72] . In the last decade, there has been rapid development of widebandgap (WBG) devices based on silicon carbide (SiC) or gallium nitride (GaN); SiC devices that have higher voltage/ power capability are more promising choices in wind power applications. The major SiC devices are in the form of module packaging metal-oxide-semiconductor field-effect transistors (MOSFETs) as well as diodes for high power application.
The key features of the four types of power semiconductor devices are generally compared in Table 3 . The module packaging technology of IGBT has a longer track record of applications and benefits from fewer mounting restrictions. However, they may suffer from larger thermal resistance and lower power density, and might have higher failure rates [73] . Interesting trends in improving the packaging of IGBT modules include introducing pressure contacts to eliminate the base plate, sinter technology to avoid chip soldering, and copper bond wires to reduce the coefficient of thermal expansion-all leading to increased lifetime, as reported in [74] . However, cost issues are always critical topics when commercializing these new technologies.
Press-pack packaging technology improves the connection of chips by direct press-pack contacting of the joints, leading to improved reliability, higher power density (easier stacking), and better cooling capability. However, IGCTs have not yet been heavily adopted in wind power applications because of their relatively high cost. As the power capacity of wind turbines grows even up to 10 MW, press-pack packaging technology is expected to become a more interesting solution for future WTSs, when medium-voltage-level conversion will become the preferred choice.
In addition to silicon-based power devices, SiC devices, which have better switching characteristics and higher voltage-blocking capability, are a promising technology for future wind power systems [75] , [76] . Although the existing current ratings of SiC devices are still not high enough for wind power conversion, these new devices do show a great potential to simplify the topology of power conversion at the medium-and high-voltage levels. They can also be used in some future converter structures that consist of parallel or cascaded converter building blocks.
V II. CONCLUSION
The individual power ratings and installations of wind turbines have been significantly increased over recent decades, such that wind energy now plays an important and growing role in power systems. A main driving factor is represented by the continuous need for sustainable and renewable energy at competitive prices.
This review of state-of-the-art solutions indicates that power electronic technologies, including associated controls, have significantly improved the operation and Table 3 Power Semiconductor Devices and Modules for Wind Power Application performance of WTSs. Through proper selection and configuration, controls, and grid regulations, it is now possible for WTSs and wind farms to act like conventional power plants and actively contribute to frequency and voltage control in the power grid.
These capabilities create opportunities for continued large-scale deployment of wind turbines and wind farms.
Furthermore, driven by the need to reduce the cost of energy and enhance the performance of energy conversion, there are still many new possibilities for the advancement of power electronics technologies, including the development and application of new topologies and power devices, increase in reliability, and the incorporation of energy storage and more power system control capabilities. 
